We continuously measure the state of a superconducting quantum bit coupled to a microwave readout cavity by using a fast, ultralow-noise parametric amplifier. This arrangement allows us to observe quantum jumps between the qubit states in real time, and should enable quantum error correction and feedback-essential components of quantum information processing.
with several kinds of superconducting qubits [17] [18] [19] , cQED implementations with linear cavities have typically suffered from low single-shot fidelity, precluding the observation of quantum jumps. This is primarily due to inefficient amplification of the photons leaving the cavity. The noise added by state-of-the-art cryogenic semiconductor microwave amplifiers is considerably larger than the signal from the cavity, necessitating repeated measurements to resolve the qubit state [16] . Using more readout photons can induce qubit state mixing [20] , thus limiting the fidelity. Other high fidelity readout schemes implemented for superconducting qubits are either too slow [21] or are not QND [22] . Josephson parametric amplifiers [23, 24] with near quantum limited noise performance can potentially enable single shot readout in the cQED architecture, but most existing designs have an instantaneous bandwidth below 1 MHz, too small to enable real time monitoring of the qubit state. Since superconducting qubit lifetimes are typically around 1 µs, one would need a bandwidth of order 10 MHz to resolve quantum jumps between qubit states with high fidelity. We achieve this by using a low quality factor (Q) nonlinear resonator operated as a parametric amplifier [14, 25] .
Our experimental setup, shown schematically in Fig.  1 , is anchored to the mixing chamber of a dilution refrigerator at 30 mK. The superconducting readout cavity (brown) is implemented as a quasi-lumped element linear resonator [26] consisting of a meander inductor (L=1.25 nH) in parallel with an interdigitated capacitor (C=575 fF). A transmon qubit [27] (blue, E J =11. 4 GHz, E C =280 MHz) is capacitively coupled to the cavity. This arrangement is different than typical cQED setups which use transmission line resonators for the cavity. This design has a smaller footprint and avoids detrimental higher cavity modes [18] . Probe photons enter from the input port and reflect off the readout cavity, acquiring a phase shift that depends on the qubit state. These photons then travel through a series of circulators, which allow microwave signals to propagate in one direction as indicated by the arrows in the figure, to the parametric amplifier (paramp), which amplifies the signal and sends it to the output port. The signal is further amplified by cryogenic and room temperature amplifiers before being . Readout photons (black arrow, #1) enter from the input port and are directed through a microwave circulator to a 180
• hybrid, which converts the single-ended microwave signal into a differential one. The photons interact with the readout cavity and the reflected signal (purple arrows, #2) carries information about the qubit state toward the parametric amplifier (paramp) through three circulators, which isolate the readout and qubit from the strong pump of the paramp. A directional coupler combines this signal with pump photons (green arrow, #3) from the drive port. The paramp amplifies the readout signal, and the amplified signal (magenta arrows, #4) is reflected and sent through the third circulator to the output port. Qubit manipulation pulses are also sent via the input port.
mixed down to zero frequency, digitized, and recorded.
The bare readout cavity frequency is 5.923 GHz, with a linewidth κ/2π = 4.9 MHz. The qubit frequency is set at 4.753 GHz, corresponding to a detuning ∆/2π = 1.170 GHz. The cavity is driven at 5.932 GHz (the cavity frequency corresponding to the qubit in the ground state), and we definen=(n g +n e )/2, wheren g andn e are the average readout cavity occupations at a given excitation power with the qubit in the ground and excited states, respectively. These occupations are calibrated using the ac Stark effect for a multilevel qubit [25] . The measured coupling strength g/2π = 109 MHz results in a dispersive shift of the cavity [27] due to the qubit state 2χ/2π = 4.3 MHz. We measure qubit lifetime T 1 = 320 ns and dephasing time T * 2 = 290 ns at this qubit operating point.
When the paramp is appropriately biased with a strong pump tone, the reflected pump has a power-dependent phase shift as shown in Fig. 2 . Since the phase changes sharply with pump power, a small change in the pump power due to an additional signal at the pump frequency is amplified into a large phase shift on the pump signal. This mode of operation only amplifies signals in phase with the pump signal and theoretically adds no noise [28] , maintaining the signal-to-noise ratio (SNR) of the input signal. If the noise on the input signal is only due to quantum fluctuations, then the noise floor can be expressed as a noise temperature T Q =hω s /2k B ≈ 142 mK, where ω s /2π = 5.932 GHz is the signal frequency. By contrast, typical microwave amplification chains have a system noise temperature in the range 10 -30 K, about two orders of magnitude higher. Near noiseless operation, along with large bandwidth, was previously demonstrated for this paramp design [14] .
Since 2χ ≈ κ, measurement photons at 5.932 GHz exiting the readout cavity will have a relative phase shift of about 180 degrees, depending on the state of the qubit. When these photons arrive at the paramp, they coherently add to or subtract from the pump (also at 5.932 GHz, and tuned to be in phase with the readout photons), causing a phase shift of up to 180 degrees in the reflected pump photons which form the output signal. This can be seen in Fig. 2(a) , where the average phase of the output signal is plotted as a function of pump power. The two traces correspond to measurements taken with the qubit prepared in the ground (blue, open circles) and excited (red, filled circles) states, withn ≈ 1 photon. Increasing the number of photons in the cavity further separates the ground and excited state curves as shown in Fig. 2(b) forn ≈ 30 photons. This level of excitation of the readout cavity maximizes readout SNR while keeping the measurement QND, and was used for all further measurements discussed below.
With this technique, we can perform single-shot measurements of the qubit state and observe quantum jumps. We prepare the qubit state with a 20 ns pulse of varying amplitude at the qubit frequency of 4.753 GHz and immediately probe the cavity with photons at 5.932 GHz. The amplified signal is then mixed down to zero frequency, effectively converting the phase shift signal of the readout into a single-quadrature voltage signal. This voltage is then digitized at 10 ns intervals. Fig. 3 (a) shows the pulse sequence and Fig. 3 (b) plots 20 individual traces for each of three pulse amplitudes corresponding to 0, π, and 2π qubit rotations. We discriminate between ground and excited states using a threshold level of 0.25 V, as indicated on the scale bar. One can clearly see abrupt quantum jumps from the excited state (white) to the ground state (blue) for the data corresponding to a π pulse, while the traces corresponding to 0 and 2π show the qubit mostly in the ground state. A few traces after 0 and 2π pulses show jumps to the excited state, and a few traces after a π pulse are never measured to be in the excited state. We attribute the first effect to qubit state mixing due to high photon numbers in the readout cavity [20] , and the second effect to the qubit spontaneously decaying before the cavity can ramp up [16] . Three representative traces of the quantum jumps are shown in Fig.  3(c) , one where the qubit was prepared in the ground state (blue) and two where it was prepared in the excited state (red and green) and subsequently relaxed to the ground state at different times. The SNR in the measured traces is defined as SNR meas = |µ g − µ e |/(σ g + σ e ) where (µ g , µ e ) and (σ g , σ e ) are the mean and standard deviation of the digitizer voltages corresponding to the ground and excited states respectively. We measure an SNR of about 3.75, a factor of 2.3 lower than the theoretical value of n g κ/B = 8.5, where B=20 MHz is our measurement bandwidth. We attribute this discrepancy primarily to saturation of the paramp at this high readout power; details are discussed in the supplementary information [25] .
We also investigated the effect of simultaneous qubit excitation and measurement. We energize the readout and then turn on a long qubit excitation pulse after a few µs, as shown in Fig. 3(d) . This qubit drive tries to coherently change the qubit state while the projective measurement forces the qubit to be in the ground or excited state, resulting in the random telegraph signal seen in Figs. 3(e) and 3(f). Note that the discrimination threshold here (-0.05V) is different than that in Figs. 3(b) and (c) due to different bias conditions for the paramp. Previous measurements [29] have only been able to indirectly infer such quantum jumps from the averaged spectrum of the measurement signal. This inhibition of qubit state evolution due to measurement is the essence of the quantum Zeno effect [30, 31] and will be the subject of future work using samples with longer coherence times and further improvements in measurement signalto-noise ratio.
Finally, we look at the statistics of these quantum jumps. Fig. 4(a) We do not plot jumps that occur less than two cavity time constants after the readout is energized. The pulse protocol used is shown in Fig. 3(a) .
(centered around 0.6 V) at t = 0 and then decays to the ground state (centered around -0.3 V) with a time constant τ = 290 ns (Fig. 4(b), inset) . Despite the large separation between the ground and excited state peaks, the maximum qubit readout fidelity is about 70%. This can be almost entirely attributed to the measured T 1 =320 ns being comparable to the cavity rise time 2/κ=65 ns, which means that around 30% of the excited state population decays to the ground state before the measurement is made. Since we can resolve individual decay events, we can also plot a histogram of the jump (excited to ground state) times [33] as shown in Fig. 4(b) . The histogram shows an exponential decay with a time constant τ jump = 270 ns. Both these time constants are consistent with each other and with the measured T 1 of the qubit, as would be expected for a QND measurement [20] .
In conclusion, we have demonstrated high-fidelity, realtime monitoring of a superconducting qubit and observed quantum jumps in this macroscopic quantum system. This is the first fruit of a powerful technique for quantum measurements in solid state systems and is a major step toward implementing quantum feedback control and quantum error correction. Our measurement technique can be readily extended to a variety of other systems of interest, including nitrogen vacancy centers in diamond and lower-dimensional semiconductor systems. Furthermore, our work suggests a route to study the quantum Zeno effect [31] and to shed further light on non-idealities in quantum measurement processes [20] . The high fidelity quantum measurements we have demonstrated can also be used to realize a time-resolved single microwave photon source/detector [31] , thus enabling a new class of quantum optics experiments in the solid state.
Supplement to "Observation of quantum jumps in a superconducting artificial atom" 
PHOTON NUMBER CALIBRATION
To calibrate the photon occupation of the readout cavity, we use the ac Stark effect [1] for a multilevel qubit [2] , which accounts for higher order nonlinearities. We performed qubit spectroscopy in the presence of a measurement drive at 5.932 GHz, close to the resonant frequency of the cavity with the qubit in the ground state (5.933 GHz). For each measurement power, we used the shift in the qubit frequency to determinen g , the cavity occupation with the qubit in the ground state. If the qubit is in the excited state, the cavity resonant frequency is detuned from the drive frequency, and thus the cavity occupationn e is estimated to be lower by a factor of 3.5. For data shown in Figs. 3 and 4, we estimatē n g ≈ 47 andn e ≈ 13. The numbern ≈ 30 quoted in the main text is the average of these two. Note that when investigating quantum Zeno or dressed dephasing effects, it is important to account for the different cavity occupations between the excited and ground states. The measurement frequency can also be chosen to be midway between the excited state and ground state cavity resonant frequencies, so that the photon population in the cavity will be the same for both qubit states at a given drive power. shows a linecut of (a) at constant pump frequency in the paramp regime. A weak signal modulating the drive power leads to large changes in the reflected phase of the pump.
AMPLIFICATION MECHANISM
The phase diagram of our non-linear resonator is shown schematically in Fig. S1a . The solid line indicates the effective resonant frequency as a function of bias frequency and power. For drive power P > P C and drive frequency f < f C , the system is bistable within the boundary indicated by the dotted lines. This bistability has been employed for qubit readout in the past [3, 4] . In this work, we bias the resonator just outside the bistable regime. This bias region, marked as "paramp" in Fig. S1a , has been accessed to demonstrate parametric amplification [5] [6] [7] . Fig. S1b explains the principle of small signal degenerate parametric amplification. The reflected pump phase is plotted as a function of pump power, giving the transfer function of the amplifier. A weak input signal at the pump frequency is combined with the pump and modulates its amplitude, resulting in a large change in the phase of the reflected pump. Since there are many more pump photons than signal photons, this effectively amplifies the input signal.
Two key points should be noted here. First, this technique implements a phase-sensitive amplifier [8] , since only signals in phase with the pump will be amplified. Signals which are 90 degrees out of phase with the pump do not affect the pump amplitude to first order and hence do not get amplified. Moreover, in this phase-sensitive mode, the paramp amplifies signal and noise by the same factor. Since the signal to noise ratio (SNR) is not degraded, the amplification process is noiseless [7] . Secondly, the amplifier is linear only for input signals which keep the bias conditions in the linear region of the transfer function shown in Fig. S1b . However, in this work we are only concerned with two possible cavity states corresponding to the two states of the qubit. Therefore, the linearity of the amplifier is inconsequential here as long as it faithfully maps the two cavity states to two distinct output states. Unfortunately, as will be discussed later, operation in the saturated regime is no longer noiseless. It is clear from Fig. 2 of the main text that the input signal to the paramp, even forn ≈ 1 in the readout cavity, is large enough to saturate the paramp. Note that the paramp can be used as a phase insensitive amplifier as well when the signal is detuned from the pump [7] . In this case, the ideal paramp adds the minimum noise required by quantum mechanics-half a photon at the signal frequency.
SIGNAL TO NOISE RATIO ESTIMATION
Here we discuss the expected signal-to-noise ratio (SNR) for resolving qubit states using an ideal paramp and compare it with the SNR we achieved experimentally. We need to calculate the intrinsic SNR of two coherent states of the same amplitude but differing in phase by 180 degrees. If the average photon occupation of a cavity driven at resonance isn res , then it can be shown that the power radiating out of the cavity is P rad =n resh ω s κ, where ω s is the signal frequency and κ is the cavity linewidth. When the cavity is driven in the reflection geometry, the steady state incident power is the same as the steady state reflected power which forms the output. This output power is P out = P rad /4 where the factor of four arises due to the interference between the incident and radiated signal. The root mean square (rms) voltage corresponding to this power on a 50 ohm transmission line is V out = √ 50P out . The intrinsic noise floor is set by quantum fluctuations and can be expressed as a noise temperature T Q =hω s /2k B . The corresponding voltage noise is given by V Q = 50k B T Q B, where B is the measurement bandwidth. If this signal is sent through an amplification chain with a system noise temperature T sys , then the effective voltage noise referred to the input of the chain is given by V sys = 50k B (T Q + T sys )B. We can then define the SNR for resolving two coherent states of amplitude √ 2V out and differing in phase by 180 degrees as SNR = √ 2V out /V sys . In the case of noiseless amplification, T sys = 0, and SNR= n res κ/B. Putting in the experimental parameters κ/2π = 4.9 MHz, B = 20 MHz, we get an SNR ≈ 1.24 √n res . As expected, the SNR can be improved by increasingn res , but in practice higher order effects start to affect the dispersive shift [2] and cause qubit state mixing [9] , setting an upper bound on n res for our measurement. In our experiment, we used a maximum photon occupation ofn res =n g = 47 as described above. For this level of excitation, we compute an optimal SNR ≈ 8.5. and extract the means (µ g , µ e ) and standard deviations (σ g , σ e ) for each fit. Note that the widths of the two peaks are different because the paramp is not linear for this high level of excitation. We define the measured SNR as SNR meas = |µ g − µ e |/(σ g + σ e ). Using numerical simulations, we have verified that this definition of SNR is consistent with the analytical expression given in the previous paragraph. For the data shown SNR meas ≈ 3.75, a factor of 2.3 smaller than the ideal case. This implies that T sys ≈ 4.1 T Q = 0.59 K and the added noise is not zero. Nevertheless, this is an improvement of nearly two orders of magnitude in noise temperature over a typical state-of-the-art microwave amplification chain using cryogenic semiconductor amplifiers, where T sys ≈ 10 − 30 K. We attribute the discrepancy between the predicted and measured SNR to three sources. We believe the dominant contribution is due to saturation of the paramp, which in our case occurs for cavity occupations abovē n ≈ 1. This is evidenced by the steady deterioration of the system noise temperature with increasing photon occupation in the cavity. For the data in Fig. S2 ,n res = 47 and the paramp is deeply in the saturated regime. In the linear regime, the output SNR grows linearly with the input SNR from the cavity; the output signal grows, while the output noise stays constant. When the paramp is saturated, the amplitude of the output signal no longer grows with increasing input signal amplitude. Input noise continues to be amplified, although the noise gain decreases gradually as the paramp moves farther into the saturated regime. As a result, the output SNR plateaus and grows only sub-linearly with increasing input SNR; the output signal is fixed, while the output noise is slowly decreasing. Thus when the paramp is deeply saturated it degrades the SNR and is no longer noiseless. Nevertheless, the added noise of the paramp is still much lower than that of a typical amplification chain. It is important to note as well that the output SNR is still a monotonically increasing function of input SNR, so that operation in the saturated regime is advantageous. Improving the dynamic range of the paramp will prevent saturation and should allow further improvements in SNR.
A second contribution to the SNR discrepancy is insertion loss between the cavity and the paramp, primarily due to losses in the three circulators use to isolate the cavity from the strong pump of the paramp. This could be reduced by integrating the paramp on chip. The third source of discrepancy is the noise temperature of the amplification chain following the paramp, which in our case was about 25 K. This noise is comparable in magnitude to the quantum noise of the readout signal after amplification by the paramp, and so raises the system noise temperature. We can address this effect by lowering the noise temperature of the following amplifier chain, for example by using a lower noise semiconductor amplifier or by reducing the cable losses between the paramp and the semiconductor amplifier.
SAMPLE FABRICATION AND CHARACTERIZATION
The qubit and readout resonator were fabricated on a bare high-resistivity Si wafer using electron beam lithography and double-angle Al evaporation with an intervening oxidation step. The evaporated films were 35 and 80 nm thick respectively and were deposited with an e-beam evaporator. The amplifier resonator was fabricated on a high-resistivity Si wafer. The wafer was patterned with a rectangular 300-nm-thick sputtered Nb ground plane and coated with 125 nm of SiN x grown by PECVD. The amplifier resonator was then fabricated on top of the SiN x layer using electron beam lithography and double-angle Al evaporation with oxidation, in the same manner as the readout resonator [7] .
The experiment was carried out in a dilution refrigerator with a base temperature of 30 mK. The readout resonator had inductance L=1.25 nH and capacitance C=575 fF, with a bare resonant frequency of 5.923 GHz and a linewidth of 4.9 MHz. These numbers and the behavior of the resonator match well with finite element simulations performed using Microwave Office. The amplifier resonator was formed by a two junction superconducting quantum interference device (SQUID) with a maximum critical current of 4 µA shunted by two parallel plate capacitors in series with a total capacitance of 6.5 pF, giving a resonant frequency tunable between 4 and 6.2 GHz and a loaded Q (quality factor) of about 25. The transmon qubit had measured parameters E J = 11.4
GHz and E C = 280 MHz at the operating frequency of 4.753 GHz, corresponding to a maximum E J of 17.9 GHz at zero flux bias. The qubit transition frequency could be tuned between 4 and 5.8 GHz. Measurements of T 1 as a function of qubit frequency agreed well with decay due to the single-mode Purcell effect in combination with an unknown relaxation channel giving an effective Q of 11,500 [10] . Ramsey fringes yielded T 2 = 290 ns at the operating point. We observed a small leakage of pump photons from the amplifier resonator back to the readout resonator, consistent with the finite isolation of the circulators. Using the ac Stark effect, we determined the leakage corresponded to a readout cavity population of much less than one photon. The leakage did cause dephasing, which we verified by Ramsey fringes. We were able to cancel this leakage by applying a coherent microwave tone to the input port. Because the amplifier resonator has a very fast response, one could avoid the leakage problem by turning the paramp off during qubit manipulation and evolution.
